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ABSTRACT 10 
The Qaidam Basin, especially its western part, is characterized by numerous 11 
NW-trending folds and faults. Understanding the style and formation mechanism of 12 
these structures is crucial for unravelling the deformation of the Qaidam basin, and 13 
the broader tectonics of the northern part of the Tibetan Plateau. Based on seismic 14 
data, we reconstruct the structural framework of the central part of the western 15 
Qaidam Basin, and find that: (1) the structures in this area display positive flower 16 
geometries in 2D seismic profiles and helicoidal shapes in 3D space; (2) these positive 17 
flower structures began to develop during the middle to late Miocene (15-8 Ma); (3) 18 
these positive flower structures are controlled by left-lateral basement faults and 19 
formed in a random temporal sequence. The left-lateral features represent the 20 
strike-slip component of distributed deformation, consistent with published GPS and 21 
seismicity data for oblique convergence across the north of the Tibetan Plateau. 22 
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Collectively, they perform the same role as the discrete Haiyuan, Kunlun and Altyn 23 
Tagh faults in adjacent areas. 24 
INTRODUCTION 25 
The formation and deformation of the Qaidam Basin was, along with the uplift 26 
and growth of the Tibetan Plateau, due to the collision of India with Eurasia (Argand, 27 
1924; Molnar and Tapponnier, 1975) during the past ~50 million years (Patriat and 28 
Achache, 1984; Garzanti et al., 1987; Rowley, 1996; Huang et al., 2015). However, in 29 
contrast to the surrounding mountains in the northeastern Tibetan Plateau (Fig. 1; 30 
Dupont-Nivet et al, 2004; Duvall and Clark, 2010; Wang et al., 2011; Zheng et al., 31 
2013), the Qaidam Basin is known to have a relatively rigid, possibly cratonic 32 
basement (Zhu and Helmberger, 1998; Shen et al., 2001; Yuan et al., 2013; Yu et al., 33 
2014). How the Qaidam Basin deforms in the context of the higher regions of the 34 
Tibetan Plateau has been of interest to many geologists (England and Molnar, 1997; 35 
Royden et al., 1997; Dayem et al., 2009).  36 
Some workers put emphasis on N-S compression and shortening of the Qaidam 37 
Basin, and tend to interpret the Cenozoic structures within the basin as thrust-fault 38 
related folds (Métivier et al., 1998; Chen et al., 1999; Yin et al., 2007, 2008a; Meng 39 
and Fang, 2008). The strike-slip component to the deformation, if any, is less clear. 40 
Certainly, the active deformation across the whole northeastern Tibetan Plateau 41 
involves oblique convergence: GPS vectors with respect to stable Eurasia are oriented 42 
oblique to the regional fault and fold traces (e.g. Gan et al., 2007; Fig. 1). However, 43 
whilst strain partitioning (i.e. the spatial separation of deformation caused by oblique 44 
convergence into dip-slip and strike-slip components) to the north and south of the 45 
Qaidam Basin takes place via strike-slip localization on single faults (Haiyuan and 46 
Eastern Kunlun), it is not clear what happens within the basin interior, and how the 47 
oblique convergence (“transpression”) is actually expressed. As an additional factor in 48 
the regional tectonics, Meyer et al. (1998) and Pan et al. (2015) suggested that 49 
structures within the Qaidam Basin are splays from the Altyn Tagh Fault, which can 50 
extend up to 400 km away. 51 
In this paper, we analyse 2D and 3D seismic data over a series of anticlines in the 52 
western part of the Qaidam Basin, to investigate the subsurface structural framework 53 
of this region. We propose a new interpretation of the structural styles in the western 54 
Qaidam Basin, with broader implications for the deformation mechanism and tectonic 55 
evolution of this part of the Tibetan Plateau. 56 
GEOLOGICAL SETTING AND STUDY AREA 57 
The Qaidam Basin, with sedimentary cover of c.120,000 km², is the largest 58 
Cenozoic intermontane basin in the northeastern Tibetan Plateau, bounded by the 59 
Qimen Tagh-Eastern Kunlun mountain belts to the south, the Altyn Tagh mountain 60 
belts to the northwest and the Qilian Shan-Nan Shan mountain belts to the north (Fig. 61 
1; Métivier et al., 1998; Zhai et al., 2002; Wang et al., 2006). The relatively low 62 
elevation (~3000 m) and limited deformation of the Qaidam Basin, compared to the 63 
strongly deformed surrounding mountain belts, is attributed to the higher strength of 64 
the its underlying crust relative to the surrounding regions. Geophysical explorations 65 
(Zhu et al., 1995; Jordan and Watts, 2005; Zhao et al., 2006, 2013; Li et al., 2013) and 66 
geological investigations (Zhai et al., 2002; Wang et al., 2004; Hao et al., 2004; Yu et 67 
al., 2014) have demonstrated that the Qaidam Basin has a Precambrian crystalline 68 
basement with high effective elastic thickness. Benefitting from hydrocarbon 69 
exploration since 1954, the integrated chronostratigraphic, lithostratigraphic and 70 
seismic stratigraphic framework of the Qaidam Basin has been established (Fig. 2b; 71 
Sun et al., 2007). The Qaidam Basin is mainly filled with Cenozoic non-marine 72 
deposits except in some places along the Qilian Shan-Nan Shan and the Altyn Tagh, 73 
which are underlain by Mesozoic sequences (Jurassic-Lower Cretaceous) (Ritts and 74 
Biffi, 2000; Jin et al., 2004; Xu et al., 2006). The Cenozoic strata of the Qaidam Basin 75 
are divided into eight lithostratigraphic units, each of which has been dated precisely 76 
based on paleontology and magnetostratigraphy studies (Gu et al., 1990; QBGMR, 77 
1991; Yang et al., 1992; Sun et al., 2002; Sun et al., 2005; Fang et al., 2007; Lu and 78 
Xiong, 2009; Pei et al., 2009; Zhang et al., 2013; Ke et al., 2013). They are: (1) the 79 
Lulehe Formation (E1+2l), >53.5-43.8 Ma; (2) the Lower Xiaganchaigou Formation 80 
(E3
1xg), 43.8-37.8 Ma; (3) the Upper Xiaganchaigou Formation (E3
2xg), 37.8-35.5 Ma; 81 
(4) the Shangganchaigou Formation (N1sg), 35.5-22.0 Ma; (5) the Xiayoushashan 82 
Formation (N2
1xy), 22.0-15.3 Ma; (6) the Shangyoushashan Formation (N2
2sy), 15.3 83 
-8.1 Ma; (7) the Shizigou Formation (N2
3s), 8.1-2.5 Ma; (8) the Qigequan Formation 84 
(Q1q), 2.5-0.01 Ma (Fig. 2b). 85 
The crustal deformation of the Qaidam Basin is mainly concentrated in its 86 
western part (Zhou et al., 2006; Yin et al., 2008b), where numerous NW-trending 87 
faults and folds are oriented at high angles to the Altyn Tagh fault (Fig. 1; Sun et al., 88 
1956; Song and Wang, 1993; Ge et al., 1998; Yin and Harrison, 2000). The study area 89 
in this paper is located in the central part of the western Qaidam Basin, between the 90 
Yingxiongling structure belts (to the south) and the Eboliang structure belts (to the 91 
north). Both the geological map (Fig. 2a) and the digital elevation model (DEM, Fig. 92 
4) show a series of periclines (3≤length-width ratio≤10) in the study area, arranged 93 
in en-echelon patterns. These anticlines are located far from the basin boundaries and 94 
display slightly sigmoidal traces (lazy Z-shaped).They are the key to understanding 95 
the structural deformation pattern within the western Qaidam Basin. The exposed 96 
strata in the study area range from Eocene to Holocene in age (Fig. 2a). 97 
DATA AND METHODS 98 
The analyses of the structural style and the reconstruction of the subsurface fault 99 
system within the study area are primarily based on seismic data provided by the 100 
Qinghai Oilfield Company (China). We selected forty-one 2D seismic profiles and 101 
two 3D seismic datasets that cover most anticlines in the central region of the western 102 
Qaidam Basin with an area of c. 4200 km² (Fig. 2a). The original seismic data, 103 
pre-stack time migration SEGY files, were integrated into and interpreted by the 104 
commercial software, Kingdom (HIS). The 2D seismic profiles consist of 39 inlines 105 
(SW-NE) and 3 crosslines (NW-SE) with maximum recording times of 6 s or 7 s 106 
two-way time (TWT) for different batches of profiles (from the 1980s to the 2000s). 107 
The TWT extends down to 6 s and 5 s for the two 3D seismic datasets, Xiaoliangshan 108 
(2011) and Nanyishan (2008), respectively. Average inline spacing is 2 km for both 109 
the 2D seismic profiles and 3D seismic datasets, which is tight enough to detect subtle 110 
structural changes along the strike of a single anticline. The three relatively long 2D 111 
seismic crosslines were linked up one by one, crossing all the 2D seismic inlines and 112 
the two 3D seismic datasets, and were mainly used for closing the same seismic 113 
reflection horizons and faults.  114 
The seismic reflection boundaries between the sedimentary cover and basement, 115 
between the Cenozoic and the Mesozoic, and between the adjacent Cenozoic 116 
formations are recognized throughout the entire basin and are termed T6, TR, T5, T4, T3, 117 
T2′, T2, T1 and T0 (from bottom to top) (Fig. 2b; Xu et al., 2004). In our work, the 118 
calibration of each seismic stratigraphic horizon (T0-T6) was constrained precisely by 119 
synthetic seismograms and substantiated by borehole records, followed by lateral 120 
comparison and tracking. The depiction of the faults was strictly based on the offset of 121 
seismic events in the sedimentary cover and was inferred in the basement. However, 122 
the down-dip continuation of faults kept a uniform pattern from the shallow 123 
sedimentary layers to the deep basement. After interpreting all the selected seismic 124 
sections (e.g. Fig. 3), we delineated the reliable 3D geometry of the underground 125 
structures (e.g. Fig. 4b). Furthermore, the fault intersection points on each seismic 126 
stratigraphic horizon were projected to the surface (digital elevation model, DEM), 127 
making up the fault system distribution map. Planimetric positions of the shallowest 128 
piercing points of the faults with significant vertical offsets were compared with the 129 
topography (morphological scarps) (Fig. 4a). 130 
OBSERVATIONS AND INTERPRETATION 131 
This section presents seismic reflection data and other evidence (geomorphology, 132 
and depth-structure maps) which were used to reconstruct the structural framework of 133 
the study area. 134 
Geometry of the Subsurface Faults and Anticlines 135 
The major structural elements depicted in the seismic sections crossing the study 136 
area (SW-NE) are a series of positive flower structures, with growth strata ranging 137 
from middle to late Miocene (Fig. 3). Although the general shapes of the flower 138 
structures are similar through all inline sections, comparison of these sections shows 139 
significant differences with respect to number, arrangement and preferred dip 140 
directions of branch faults within each of the flower structure (see below). Observed 141 
differences also include the occurrence of syntectonic strata and the depth of branch 142 
lines of the major faults. 143 
The southwest-vergent Xiaoliangshan anticline in section A-A’ (Fig. 3a) is 144 
bounded by two steep faults zones (>60°) and has a curved crest. Between the two 145 
boundary faults zones, there are several minor branch faults which also help to form 146 
the uplifted core of the Xiaoliangshan anticline. The gentle limbs of the Xiaoliangshan 147 
anticline display a wide interlimb angle (>120°). The almost flat strata outside the two 148 
main branch faults indicate that folding deformation is confined by the flower 149 
structure with a width of ca. 7 km. The two wide boundary fault zones are 150 
characterized by chaotic seismic reflections and fault plane reflections. They intersect 151 
near the base of the sedimentary cover sequence and combine into one major 152 
SW-dipping fault extending down into the deeper basement. The trace and dip of the 153 
basement fault are inferred from the differential uplift of the fault-blocks and the 154 
opposite dip directions of the seismic reflections in the basement on either side of the 155 
major fault, respectively. The T1 seismic reflector (~8.1 Ma) is the boundary between 156 
the pre-growth strata and the growth strata of the Xiaoliangshan anticline, below 157 
which the thickness of each stratigraphic unit keeps constant across the flower 158 
structure, and above which the strata thicken towards the anticline flanks and the 159 
outside of the boundary faults. 160 
In section B-B’ (Fig. 3b), the Nanyishan anticline is a symmetrical, arcuate fold 161 
with a wide interlimb angle (>120°), which is also characterized by a positive flower 162 
structure with a width of ca. 10 km. A detachment zone (at ca. 3.3s TWT) composed 163 
of dark mudstones in the Middle Eocene Lower Xiaganchaigou Formation (Wang, 164 
2003) separates the major fault below from the branch faults above. The steep 165 
NE-dipping major fault (>65°) extends from the basement up to the detachment zone, 166 
and can be traced in the same way used in the Xiaoliangshan anticline. Above the 167 
detachment unit, numerous small branch faults define two wide boundary fault zones 168 
(>55°), while few branch faults develop between these two fault zones. Growth strata 169 
in the Nanyishan anticline occur above the T1 seismic reflector. The southeastern end 170 
of the Xiaoliangshan anticline, as shown in section B-B’, is defined by only two 171 
single branch faults that reach the T2′seismic reflector with minor fault throw and fold 172 
deformation. 173 
In section C-C’ (Fig. 3c), the limbs of the Jiandingshan anticline are asymmetric 174 
showing a northeast vergence, with a half-wavelength of ca. 11 km. The steep 175 
basement-involved major fault branches upwards into three narrow faults (>65°) 176 
bounding the anticline, with the largest throw along the northeastern boundary. The 177 
branch points of the Jiandingshan flower structure are at greater depths, far below the 178 
T6 seismic reflector, compared to those of the Xiaoliangshan and the Nanyishan 179 
flower structures. The strata above T2′seismic reflector (~15.3 Ma) in this section 180 
show an obvious trend of thickening from the anticline high-point to the flanks, and 181 
represent the growth strata of the Jiandingshan anticline. An anomalous E-W striking, 182 
NNE-dipping fault to the south does not seem to be related to the Jiandingshan flower 183 
structure (Fig. 4a). 184 
Section D-D’ (Fig. 3d) crosses the Dafengshan, the Heiliangzi and the Jianbei 185 
anticlines. The western segment of the Dafengshan anticline has a simple geometry, 186 
with an upright, gentle crest confined by two boundary faults (>65°). These two main 187 
branch faults may intersect with each other at a deeper level than 6s TWT. The growth 188 
strata of the Dafengshan anticline occur above the T2′ seismic reflector. The 189 
Heiliangzi anticline in this section behaves as an asymmetric positive flower structure 190 
with a northeastward throw, due to a significant reverse-slip component along its 191 
northeastern boundary branch fault (>65°). It succeeds the geometry of the 192 
Jiandingshan anticline southeasterly (Fig. 2). Growth strata of the Heiliangzi anticline 193 
occur after T1 which is a little later than that of the Jiandingshan anticline (T2′). The 194 
Jianbei anticline, located on the north of the Heiliangzi anticline, has a similar 195 
geometry to the Heiliangzi anticlines, and its growth strata occur above the T2′ 196 
seismic reflector. 197 
Section E-E’ (Fig. 3e) crosses the Dafengshan, the Heiliangzi and the 198 
Changweiliang anticlines. The Changweiliang anticline is the southeastern 199 
continuation of the Jianbei anticline (Fig. 2). Compared with section D-D’, the three 200 
anticlines in section E-E’ are more upright and symmetric, whilst the fault system of 201 
the Dafengshan flower structure has more branch faults, and the northeastern 202 
boundary faults of the Heiliangzi and the Changweiliang flower structures become 203 
less important whilst the southwestern boundary faults have a great impact on their 204 
geometry. The branch lines of the three flower structures in section E-E’ occur near 205 
the T6 seismic reflector and are possibly influenced by Mesozoic strata with 206 
half-graben sedimentary geometry. Section F-F’ (Fig. 3f) shows the geometry of the 207 
southeastern segment of the Dafengshan anticline and the middle segment of the 208 
Jianshan anticline. In this section, the positive flower geometry of these two anticlines 209 
is clear, with one being asymmetric and tilting toward the southwest while the other is 210 
symmetric. The growth strata of the Jianshan anticline developed above the T2′ 211 
seismic reflector. 212 
In addition to the differences among the anticlines described above, the 213 
subsurface geometry of each anticline changes gradually along strike. For instance, 214 
the Dafengshan anticline shows a ribbon effect in the three-dimensional space (Fig. 4b; 215 
Zolnai, 1991). The western part of the Dafengshan anticline is asymmetric and verges 216 
to the northeast, and the major fault in the basement dips to the southwest (e.g. 217 
seismic lines Ⅰ, Ⅱ and Ⅲ in Fig. 4b). The middle part of the Dafengshan 218 
anticline turns symmetric and the major fault cuts into the basement almost vertically 219 
(e.g. seismic lines Ⅳ and Ⅴ in Fig. 4b). The eastern part of the Dafengshan 220 
anticline becomes asymmetric again, but the dip directions of the fold axial plane and 221 
the major basement fault are of opposite polarity to those in the western part (e.g. 222 
seismic lines Ⅵ and Ⅶ in Fig. 4b). The fold amplitude, the number of branch faults, 223 
the offset of each branch fault and the depth of branch lines at the western and eastern 224 
ends of the Dafengshan anticline are gentler, less, smaller and deeper than those at the 225 
middle part of the Dafengshan anticline, respectively. These changes reveal the 226 
differential deformation magnitude along the strike of the Dafengshan anticline. 227 
Distribution of the Faults and Anticlines in Map View 228 
The fault traces mapped on the T1, T2′, T2, T4 and T6 seismic stratigraphic 229 
horizons were projected to the surface. These fault traces lie sub-parallel to the curved 230 
traces of the anticline boundaries, but in detail cross the anticline axes at very low 231 
angles (<5°) (Fig. 4a). The anticline axes have a slightly sigmoidal appearance (lazy 232 
Z-shaped) in the plan view whereas the fault traces are straighter and more segmented. 233 
The dominant set of faults has an average strike of N130°E, and the minor set has 234 
only four short faults with an average strike of N95°E (Fig. 4a, inset). These minor 235 
faults are P shears to the dominant set. The dominant faults form the branch faults of 236 
the positive flower structures. Some of them converge at one place and diverge at 237 
another place along the strike (e.g. the Xiaoliangshan and the Dafengshan anticlines), 238 
and adjacent branch faults of one flower structure may propagate displacement 239 
sideways (e.g. the Jiandingshan, the Heiliangzi and the Jianbei anticlines) (Fig. 4a).  240 
The morphological scarps on the each side of the anticlines are the surface 241 
expression of the boundary branch faults, and their development is also affected by 242 
the northwesterly wind erosion in the Qaidam Basin (Kapp et al., 2011; Wu et al., 243 
2014a). The largest scarps coincide with the underlying faults which exhibit 244 
considerable vertical offsets and are preserved on the leeward side of the anticlines, 245 
such as the southern boundary scarps at the middle segments of the Xiaoliangshan and 246 
the Nanyishan anticlines (Fig. 4a). A typical horsetail feature controlled by 247 
near-surface splay faults can also be found at the eastern end of the Dafengshan 248 
anticline (Fig. 4a). 249 
Sinistral Faulting along the Structures 250 
Depth-structure maps are basic tools in hydrocarbon exploration because they 251 
play a useful role in deploying wells and calculating closures and areas of traps. Such 252 
depth-structure maps can also contain useful information about the geometry and 253 
causative kinematic processes of folds (Rickard, 1971; Shaw et al., 1994). Based on 254 
plentiful seismic profiles and dense time-depth conversion data, depth-structure maps 255 
of every seismic horizon (T0-T6) in the western Qaidam Basin were compiled by the 256 
geoscientists of Qinghai Oilfield Company.  257 
T2 depth-structure maps of the Jiandingshan, Nanyishan and Dafengshan 258 
anticlines are shown as examples (Fig. 5). The 1600 meter depth contours of are 259 
chosen as a reference in the Jiandingshan area (Fig. 5a). The foot-wall of the Northern 260 
Jiandingshan Fault (NJF) is offset to the northwest relative to the hanging-wall, which 261 
indicates sinistral strike-slip component on the Northern Jiandingshan Fault. Sinistral 262 
movements are also observed on the Northern Nanyishan Fault (NNF in Fig. 5b) and 263 
the Southern Dafengshan Fault (SDF in Fig. 5c). Using gradients of the dipping strata 264 
and distances between the endpoints of the reference contour lines from the 265 
depth-structure maps, the vertical and lateral offsets are calculated for these three 266 
steep faults (Table.1; Figs. 3b, 3c and 3e; Maltman, 1998). The results reveal that the 267 
vertical offsets are much smaller than the sinistral offsets; the former range from 0.2 268 
to 0.6 km, while the latter range from 1.0 to 3.5 km. 269 
DISCUSSION 270 
Is the Western Qaidam Basin Dominated by Contractional or Transpressive 271 
Structures? 272 
At early stages of hydrocarbon exploration in the Qaidam Basin, the anticlines in 273 
the western part of the basin were identified as a series of uplifted folds, each of 274 
which was thought to be bounded by two oppositely dipping reverse faults (Gu et al., 275 
1990). This interpretation was based on undulations and offsets of the seismic 276 
reflectors without much consideration of the formation mechanism. Xia et al. (2001) 277 
and Zhai et al. (2002) followed this interpretation scheme and proposed that the 278 
boundary faults are inverted normal faults. However, structures with normal faults are 279 
primarily located in Jurassic strata along the northern margin of the Qaidam Basin and 280 
the Altyn Tagh piedmont (Zeng et al., 2002; Wu et al., 2006; Fu et al., 2015), with rare 281 
stratigraphic evidence for Paleogene normal faults (Jin et al., 2004; Yin et al., 2008b). 282 
The only evidence for Jurassic normal faulting in the study area lies to the north of the 283 
eastern segment of the Dafengshan anticline (Fig. 3, sections E-E’ and F-F’). 284 
An alternative explanation (e.g. Zhou et al., 2006; Yin et al., 2008b; Wu et al., 285 
2014b) follows a fold-and-thrust belt model, interpreting the structures in the western 286 
Qaidam Basin as Jura-type folds which develop in the distal region of a foreland 287 
thrust belt (Wang et al., 2012; Yu et al., 2016). Structural styles in this tectonic model 288 
include fault-propagation folds, fault-bend folds, detachment folds, conjugate 289 
kink-band zones and structural wedges (Zheng et al., 2007; Liu et al., 2009; Xu et al., 290 
2013; Wu et al., 2014a). However, this interpretation scheme is challenged by the 291 
seismic data presented here, for the following reasons: (1) the boundary faults of most 292 
anticlines in the western Qaidam Basin are much steeper (>55°; Fig. 3) than the 293 
theoretical thrust faults under horizontal compressive stress; (2) the folded strata are 294 
confined between the boundary faults of each anticline and generate large interlimb 295 
angles (Figs. 3 and 4); (3) the southern and northern tectonic boundaries of the 296 
Qaidam Basin are dominated by high angle basement steps with considerable lateral 297 
displacements, making the development of a single ubiquitous decollement unlikely 298 
(Wei et al., 2005; Wang et al., 2008; Cheng et al., 2014; Cheng et al., 2015).  299 
In this study, we have identified several anticlines in the western Qaidam Basin 300 
that are linked to positive flower structures, with branch faults that consistently 301 
converge at the tops of the principle displacement zones (PDZ) of the major faults 302 
(Fig. 3; Beidinger and Decker, 2011). The surface appearances of these helicoidal 303 
flower structures are laterally-propagating boundary faults and S-shaped fold traces, 304 
which indicate sinistral strike-slip motion along the major basement faults (Fig. 4a, b). 305 
The left-lateral displacement magnitudes of these faults can be determined by the 306 
depth-structure maps of anticlines (e.g. Table.1; Fig. 5). The kinematic characteristics 307 
of surface minor fractures around the anticlines in the study area also indicate 308 
left-lateral transpressive deformation (e.g. Fig. 6), which means an opposite slip 309 
direction on the same faults to that deduced by Mao et al. (2016). Thus, we propose 310 
that the dominant structures in the western Qaidam Basin are a series of discrete 311 
positive flower structures controlled by left-lateral transpressive faults which root 312 
downwards into the basement (Sylvester, 1988; Harding, 1990; Woodcock and 313 
Rickards, 2003) (Fig. 7a). We do not exclude the possibility that detachment 314 
movements of different magnitudes may take place in the ductile sedimentary layers 315 
of some structures in this region, such as the Nanyinshan and Shizigou-Youshashan 316 
anticlines (Wang, 2003; Yu et al., 2011; Wu et al., 2014a). 317 
Timing of Deformation 318 
Cenozoic sedimentation and deformation in the Qaidam Basin initiated within 10 319 
Myr of the initial Indo-Eurasia collision (Yin et al., 2002; Yin et al. 2008a) indicating 320 
that the far-field effects of continental collision were rapidly transferred to the 321 
northern part of the Tibetan Plateau. The resultant uplift of the Qilian Shan-Nan Shan 322 
range and sinistral strike-slip movement along the Altyn Tagh Fault configured the 323 
initial northern and northwestern boundaries of the Qaidam Basin, respectively (Yin et 324 
al., 2002; Zhou et al., 2006; Yin et al. 2008a; Clark et al., 2010). Deformation in the 325 
Qaidam Basin and surrounding ranges accelerated in the early to middle Miocene 326 
(~20-15 Ma) (Chang et al., 2015; Yuan et al., 2013), accompanied by the uplift and 327 
sinistral movement of the Qimen Tagh-Eastern Kunlun range (Jolivet et al., 2003; 328 
Duvall et al., 2013) and the accelerated strike-slip motion along the Altyn Tagh Fault 329 
(Wu et al., 2012; Cheng et al., 2015). Growth strata from the seismic profiles show 330 
synsedimentary deformation in the study area initiating in the middle to late Miocene 331 
(15-8 Ma). Specifically, the Dafengshan, Jiandingshan, Jianbei, Changweiliang and 332 
Jianshan anticlines began to develop at the start of Shangyoushashan Formation 333 
(N2
2sy, 15.3 Ma) deposition, and the Nanyishan, Xiaoliangshan and Heiliangzi 334 
anticlines began to develop at the start of Shizigou Formation (N2
3s, 8.1 Ma) 335 
deposition (Fig. 3). 336 
It is notable that no clear temporal pattern of fold growth is seen in the study area 337 
of 70 km width (a-a’ in Fig. 1). This calls into question the previous speculations by 338 
Métivier et al. (1998), Yin et al. (2007, 2008b), Wu et al. (2013) and Wu et al. (2014b), 339 
who described the northward or southward advance of deformation in the Qaidam 340 
Basin. Further, expanding the reference range southward to the Kunbei fault system 341 
and northward to the Lenghu structural belts (a distance of ca. 260km; b-b’ in Fig. 1), 342 
the initial times of growth of NW-trending structures are concentrated in the Miocene 343 
(~20-8 Ma). From south to north, the onset of the Kunbei fault system was during the 344 
early Miocene (Cheng et al., 2014; Cheng et al., 2015), the onset of the Yingxiongling 345 
structure belts were during the middle Miocene (Yu et al., 2011), the onset of the 346 
structures in our study area were during the middle Miocene, the onset of the Eboliang 347 
structure belts were during the early-middle Miocene (Fu et al., 2009; Sun et al., 348 
2014), and the onset of the Lenghu structure belts were during the middle Miocene 349 
(Wang et al., 2011). Therefore, we infer that most NW-trending structures in the 350 
western Qaidam Basin have formed out of sequence since the early Miocene, though 351 
deformation at the southern and northern margins of the Qaidam Basin commenced 352 
somewhat earlier than in its interior parts. 353 
Regional Tectonic Implications 354 
This study identifies the subsurface structures of individual folds in the western 355 
Qaidam Basin as a series of sinistral positive flower structures (Fig. 7a). Clearly, these 356 
structures contribute to accommodating the convergence of the broad India-Eurasia 357 
collision zone. 358 
One implication of our work is that the segmented, domal and discontinuous 359 
nature of the folds and underlying faults in the western Qaidam Basin does not 360 
support any direct connection between these structures and the Altyn Tagh Fault, as 361 
has been previously proposed (Meyer et al., 1998). 362 
The distribution of earthquake focal mechanisms (Molnar and Lyon-Caen, 1989; 363 
Elliott et al., 2010; Global CMT calalog; Fig. 1) shows that seismic strain is not 364 
evenly distributed across the Qaidam Basin and adjacent mountain ranges. Much of 365 
the basin interior has little or no instrumental record of M >5 earthquakes, contrasting 366 
with numerous thrust events at the basin margins. Strike-slip events are concentrated 367 
along the known strike-slip faults, including the Altyn Tagh, Haiyuan, Eastern Kunlun 368 
and Elashan faults. The orientation of the fold axes (Figs. 1 and 4a) and the sinistral 369 
slip sense of the structures (Figs. 5 and 6) within the Qaidam Basin are consistent with 370 
the oblique convergence recorded by GPS data across the basin and the mountain 371 
ranges to its north and south (Fig. 1; e.g. Gan et al., 2007; Liang et al., 2013). 372 
Whereas in those marginal ranges the strike-slip component of deformation is 373 
localized along single, large, sinistral strike-slip faults (Eastern Kunlun and Haiyuan 374 
faults; i.e. strain partitioning, Fig. 7b), the oblique convergence within the western 375 
Qaidam Basin is distributed across the positive flower structures (Fig. 7a). 376 
The differing deformation styles between the Qaidam Basin and the surrounding 377 
ranges may relate to the variable basement strength, and the resultant degree of 378 
shortening. The relatively rigid Precambrian basement of the Qaidam Basin has 379 
plausibly resisted Cenozoic deformation more successfully than the surrounding 380 
mountain ranges which were the loci of intense deformation during Paleozoic 381 
orogenies. We suggest that strain partitioning is more complete in these mountain 382 
ranges than that in the relatively stable, lower strain regions of the Qaidam Basin. 383 
It is a further question why deformation is oblique across this part of the collision 384 
zone at all. A simple explanation is that there is at least partial extrusion of Eurasian 385 
lithosphere, eastwards, out of the path of the indenting Indian plate (Tapponnier et al., 386 
2001) – and that the sinistral strike-slip faults within the Qaidam Basin are just a small 387 
component in this deformation. Zuza and Yin (2016) adopted the rotating crustal 388 
block models of England and Molnar (1990) and McKenzie and Jackson (1986). In 389 
this scenario, the sinistral faults rotate clockwise as they slip, permitting the western 390 
side of the system (e.g. the Tarim Basin) to move northwards with respect to the 391 
eastern side (e.g. eastern China - see Fig. 10 of Zuza and Yin, 2016). A third 392 
explanation was provided by England and Molnar (2005), who showed that the 393 
directions of horizontal compressional strain align with topographic gradients, and 394 
concluded that Eurasia deforms as a continuum under the influence of gravity. The 395 
implication of this conclusion is that where pre-existing structures are not perfectly 396 
aligned to accommodate this strain, one of three scenarios can occur: creation of new 397 
structures, rapid rotation of pre-existing structures into the correct orientation, or 398 
strain partitioning of oblique convergence utilizing existing basement structures. 399 
Our results do not allow us to discriminate completely between these different 400 
scenarios, which are not absolutely mutually exclusive. The structures do emphasise 401 
the continuum character of deformation, including the oblique component, which is at 402 
odds with any descriptions of extrusion tectonics that involve rigid, plate-like 403 
behavior (e.g. Avouac and Tapponnier, 1993). The deformation within the Qaidam 404 
Basin, with distributed strike-slip structures, seems to be different in style from the 405 
surrounding ranges. The overall kinematics are not distinctly different across the 406 
different regions, as revealed in the GPS data (Fig. 1). 407 
CONCLUSIONS 408 
The predominant structures in the western Qaidam Basin are a distributed array 409 
of NW-trending transpressive structures with sinistral strike-slip components. They 410 
display positive flower geometries in 2D seismic profiles and helicoidal shapes in 3D 411 
space. The branch faults in the sedimentary cover and the major faults in the basement 412 
are demonstrated by the high-quality seismic data. This kind of structural framework 413 
is different from the southern and northern basin-bounding ranges, where the efficient 414 
strain partitioning results in strike-slip deformation being localized on single, large 415 
sinistral faults (i.e. Eastern Kunlun and Haiyuan faults). 416 
The initial activities of the transpressive structures in the study area started in the 417 
middle to late Miocene (15-8 Ma). These structures together with abundant other 418 
NW-trending structures in the western Qaidam Basin show a randomness rather than a 419 
northward or southward propagation in the formation sequence, which indicates the 420 
uniform deformation within the Qaidam Basin has accelerated since the early 421 
Miocene. 422 
The Qaidam Basin has a lower degree of strain compared with other regions of 423 
the Tibetan Plateau due to the higher strength of basement. However, it is clearly an 424 
over-simplification to treat the Qaidam Basin as a rigid block in the extrusion tectonic 425 
models. The pervasive transpressive structural deformation across the western 426 
Qaidam Basin is a plausible way to absorb the clockwise rotation which should have 427 
happened in the interior part of basin (Wang and Burchfiel, 2004), if fault block 428 
rotations models are correct (Zuza and Yin, 2016). The deformation mechanism is 429 
also consistent with regional compressive strain occurring at an oblique angle to 430 
basement faults, which are activated as sinistral flower structures in an example of 431 
distributed transpressional deformation. 432 
APPENDIX 433 
Mathematical equation set used in kinematic calculation of the faults in this 434 
paper: 435 
V / tanG1 – L = D1    (1) 436 
V / tanG2 + L = D2    (2) 437 
Where D1 and D2 are the distances between the left two and right two reference 438 
points beside the fault respectively, G1 and G2 are the Gradients of the stratum in the 439 
left and right segments of the anticline respectively, and L and V are the lateral and 440 
vertical offsets of the fault respectively (Table 1 and Fig. A1). D1, D2, G1 and G2 are 441 
known numbers in this equation set, which can be derived from the depth-structure 442 
maps, and L and V are unknown numbers which need to be worked out by the 443 
equation set. Note that, we assume the faults are nearly vertical in this calculation 444 
method. 445 
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 830 
FIGURE CAPTIONS 831 
Figure 1. Topography of the Qaidam Basin and surrounding regions. Inset: location of 832 
the study area within the India-Eurasia collision zone. The GPS-derived velocities are 833 
relative to stable Eurasia, from Gan et al. (2007). Black focal mechanisms are from 834 
body wave modelling (Molnar and Lyon-Caen, 1989; Elliott et al., 2010), or the 835 
Global CMT catalog where M >5.3 and there is >70% double couple. Grey focal 836 
mechanisms are from the Global CMT catalog where M <5.3 and/or there is <70% 837 
double couple. 838 
 839 
Figure 2. (a) Geological map of the study area (Jin and Zhang, 2006), and locations of 840 
the 2D seismic profiles, the two 3D seismic datasets and the two boreholes that are 841 
used to reconstruct the subsurface structural framework. (b) Chronostratigraphic, 842 
lithostratigraphic and seismic stratigraphic column of the Qaidam basin. 843 
 844 
Figure 3. Seven selected seismic sections with detailed description in this paper. 845 
Section A-A’ crosses the Xiaoliangshan anticline. Section B-B’ crosses the Nanyishan 846 
anticline. The dashed line between the T4 and T6 seismic reflectors represent a 847 
detachment unit in the Lower Xiaganchaigou Formation. Section C-C’ crosses the 848 
Jiandingshan anticline. Section D-D’ crosses the Dafengshan, the Heiliangzi and the 849 
Jianbei anticlines. Section E-E’ crosses the Dafengshan, the Heiliangzi and the 850 
Changweiliang anticlines. Section F-F’ crosses the Dafengshan and the Jianshan 851 
anticlines. VE: Vertical exaggeration. See Figure 4 for location. 852 
 853 
Figure 4. (a) Synthetic map of faults traces (lines of intersection points) on the T1, T2′, 854 
T2, T4 and T6 seismic stratigraphic horizons. (b) Pseudo 3D model of the Dafengshan 855 
anticline. Note that the same colour lines in (a), (b) represent the same seismic 856 
reflectors. 857 
 858 
Figure 5. Depth-structure maps of the Jiandingshan, the Nanyishan and the 859 
Dafengshan anticlines. NJF: the Northern Jiandingshan Fault; NNF: the Northern 860 
Nanyishan Fault; SDF: the Southern Dafengshan Fault. The reference contour lines 861 
show sinistral movement of the faults. Modified and redrawn from Qinghai Oilfield 862 
Company. 863 
 864 
Figure 6. Remote sensing image of the western segment of the Nanyishan anticline, 865 
downloaded from Google Earth software with a pixel resolution of 1.19m. Three 866 
secondary faults near and subparallel to the boundary fault expose here and show 867 
sinistral strike-slip sense. See Figure 2 for location. 868 
 869 
Figure 7. Schematic diagram of the deformation styles of (a) the Qaidam Basin 870 
(where oblique convergence is distributed across several transpressive structures), and 871 
(b) the Qilian Shan (where the strike-slip component appears to be localized along the 872 
Haiyuan Fault). The same overall convergence can be achieved by each configuration. 873 
The 3D model of the transpressive flower structure in (a) is modified from Woodcock 874 
& Rickards (2003); the postulated tectonic profile of the Qilian Shan in (b) is 875 
modified from Zheng et al. (2013). 876 
 877 
Figure A1. Schematic of the geometric factors in the equation set used to calculate the 878 
lateral and vertical offsets of faults. Note that, the fault plane is assumed to be nearly 879 
vertical. 880 
 881 
TABLE CAPTIONS 882 
TABLE 1. GEOMETRIC DATA USED IN KINEMATIC CALCULATION OF THE 883 
THREE FAULTS IN FIGURE 5 AND THE RESULTS. 884 
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TABLE 1. GEOMETRIC DATA USED IN KINEMATIC CALCULATION OF THE 
THREE FAULTS IN FIGURE 5 AND THE RESULTS 
Fault 
name 
Distance between 
the left two 
reference points 
(D1, km) 
Distance between 
the right two 
reference points 
(D2, km) 
Gradient of the 
stratum in the left  
(G1, °, parallel to 
the fault) 
Gradient of the 
stratum in the right  
(G2, °, parallel to 
the fault) 
Lateral 
offset  
(X, km) 
Vertical 
offset  
(Y, km) 
NJF 1.5 8.4 11.1 3.8 1.0 0.5 
NNF -1.2 5.5 5.6 6.2 3.5 0.2 
SDF 8.8 2 5.4 7.8 2.4 0.6 
* Sinistral: “+”; dextral: “-”; reverse: “+”, normal: “-”. Data in this table are acquired from Figure 5.  
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